Preservation of green infrastructure (GI) needs continuous monitoring of soil moisture. Moisture content in soil is generally interpreted on the basis electrical conductivity (EC), soil temperature and relative humidity (RH). However, validity of previous approaches to interpret moisture content in urban landscape was rarely investigated. There is a need to relate the moisture content with other parameters (EC, temperature and RH) to economize the sensor installation. This study aims to quantify the dynamics of the above-mentioned parameters in an urban green space, and to further develop correlations between moisture content and other parameters (EC, temperature and RH). An integrated field monitoring and statistical modelling approach were adopted to achieve the objective. Four distinct sites comprising treed (younger and mature tree), grassed and bare soil were selected for investigation. Field monitoring was conducted for two months to measure four parameters. This was followed by statistical modelling by artificial neural networks (ANN). Correlations were developed for estimating soil moisture as a function of other parameters for the selected sites. Irrespective of the type of site, EC was found to be the most significant parameter affecting soil moisture, followed by RH and soil temperature. This correlation with EC is found to be stronger in vegetated soil as compared to that without vegetation. The correlations of soil temperature with water content do not have a conclusive trend. A considerable increase in temperature was not found due to the subsequent drying of soil after rainfall. A normal distribution function was found from the uncertainty analysis of soil moisture in the case of treed soil, whereas soil moisture was observed to follow a skewed distribution in the bare and grassed soils.
Introduction
Green infrastructure (GI), such as green roofs, lawns, parks and biofiltration units, are an economic, environmentally friendly and resilient approach to managing storm water [1] [2] [3] . Preservation of GI is essential for ensuring its serviceability [4, 5] . Among all different types of GI, urban lawns and gardens are the most common among both developing and developed worlds. GI mainly utilizes vegetated soil to reinstate biological processes that are required for its preservation [6] [7] [8] [9] .
The soil-plant-atmosphere interaction is the most important process that is frequently investigated by scientific communities around the world in GI [10] [11] [12] [13] [14] [15] [16] . The soil-plant-water-atmospheric interaction was widely studied in terms of the hydrological effects of vegetation. A few studies [17] [18] [19] [20] report that water-holding capacity increases due to the presence of roots [18] . The reason for this may be blockage of pores due to root permeation. However, some other studies [21] [22] [23] show that water-holding capacity decreases due to the decay and shrinkage of roots. Accurate measurements of moisture content in GI is vital to analyse evapotranspiration, groundwater recharge and cloud formation (i.e., soil-plant-atmosphere interaction [24, 25] )
A large number of approaches were developed previously to interpret moisture content in soil on the basis of EC [26] [27] [28] [29] [30] , temperature [31] [32] [33] [34] and RH [35] . Even though interpretation from the above-mentioned approaches have been successfully used in various types of soils vegetated with crop species [19, 36] , they may not be applicable for the case of vegetated soil in urban space [16, 37] . This can be attributed to a difference between frequencies adopted in urban green space and agricultural fields [38] [39] [40] . In urban green space, the density of soil would be higher than that in agricultural soils [41] . In addition, plants are not irrigated and harvested as frequently as those crop lands [42] . Unlike agricultural lands, urban space is usually vegetated for aesthetic purposes [16, 23] .
It is evident that various types of vegetation may alter dynamics of water content [19, 23] . However, the validity of the previous approaches developed to interpret moisture content was rarely investigated in urban landscapes. Therefore, relationships between water content and other parameters (EC, temperature and RH) need to be investigated. There could be uncertainties in moisture content that can arise due to climatic variation. It is known that long-term field monitoring is usually conducted in urban landscapes by installing moisture content sensors. It is evident that salt is applied to remove and manage snow on pavements and parking lots [43, 44] . Stormwater in urban areas is generally contaminated by salts from pavements and parking lots [45] . These salts adversely affect the plant growth in urban green spaces [46] . The salinity effect is commonly expressed in terms of osmatic potential. Hoffman et al. [47] shows that the area covered by vegetation can be increased up to 130% due to a 460 kPa increase in osmatic potential. This change in surface area alter the transpiration rate by 46% [47] . In addition, EC sensors are also used to interpret topsoil depth and clay content [48] [49] [50] . Furthermore, few studies also reported that soil salinity affect evapotranspiration [51] [52] [53] .
Evapotranspiration is a key phenomenon of water balance and it induces suction in vegetated soil [24, 54, 55] . Further, evapotranspiration-induced suction affects the infiltration through the vegetated soil [56, 57] . An accurate estimation of evapotranspiration is important to model the water balance. RH is one of the important parameters that govern evapotranspiration [58] . This can be observed from the Penman-Monteith equation [51, 59] . In addition, RH significantly affects plant growth. Hoffman et al. [47] have reported that the canopy area of cotton increases by 34% due to a 50% rise in relative humidity. This change in surface area causes a 57% difference in evapotranspiration [47] . Installation of a large number of sensors (especially soil moisture probes) would not be economically feasible in developing countries. In addition, these relationships are important in critical times (especially during severe weather conditions), where malfunctioning of sensors may occur. In such cases, moisture content can be approximated based on EC, temperature and RH. Hence, the above-mentioned relationships can also help to minimize the cost of installing additional moisture sensors that are usually required in a relatively large area of urban landscape in developing countries.
The main objective of this study was to relate the water content of soil with various parameters (EC, RH and soil water content) for various types of covers, such as bare, grassed and treed. A holistic long-term monitoring and artificial neural network (ANN) approach is adopted to measure the properties of soil and develop various models, respectively. The prominence of properties of soil and uncertainty in water content distribution was evaluated after developing the model. This research helps to infer soil water content in a usual spacious GI site from various other parameters. Furthermore, it is helpful to comprehend the reliability of GI. The generated dataset could be useful to calibrate and develop theoretical models in soil-vegetation-atmosphere interactions. 
Materials and Methods

Field Monitoring Programme
Site Details
The test site is located in Guangdong Province. A schematic view of the instrumentation in the test site is shown in Figure 1 . The selected site has two areas of 64 square meters, of which one part is covered with trees and the other is covered with grass. The depth of the groundwater table was found at 2.9 m. Field monitoring was conducted from 12 July to 14 September 2017. The main objective of this field monitoring was air temperature, RH and solar radiation. The ranges of these parameters were found to be 27-36 • C, 49%-100% and 44-906 W/m 2 , respectively. Bare soil and three distinct types of vegetated soils were selected. Those were soils vegetated with Chinese banyan (Ficus microcarpa), Foxtail palm (Wodyetia bifurcate) and Cynodon dactylon. The age of the Chinese banyan (Tree 1) and Foxtail palm (Tree 2) were found to be 30 years and 10 years from the rings on stems, respectively. This suggests that they are at a mature stage. These trees were selected based on their widespread presence in subtropical regions. Furthermore, it is helpful to comprehend the reliability of GI. The generated dataset could be useful to calibrate and develop theoretical models in soil-vegetation-atmosphere interactions.
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Soil Properties and Details of Vegetation
The samples were collected and transported to the laboratory under the provisions of ASTM codes [60] [61] [62] . Grain size analysis [62] revealed that the average contents of gravel (particle size ≥ 2 mm), sand (0.063 mm ≥ particle size ≤ 2 mm) and, silt and clay (particle size ≤ 0.063 mm) of treed soil are 3%, 89% and 8%, respectively. These contents are 2%, 91% and 7% in the bare soil. Plastic limit (PL) and liquid limit (LL) were determined under the provisions of ASTM D4318-93 [63] . The LL of vegetated soil and bare soil was found to be 28 ± 3% and 28 ± 5%, respectively. PL of bare soil and vegetated soil was found to be 9% and 7%, respectively. The soils in the selected site are categorized as well-graded sand (SW), based on the Unified Soil Classification System (USCS [62] ). Specific gravity of the soil in the test sites was determined to be 2.66 under the provisions of ASTM [64] . In situ dry density was observed to vary between 1702 kg/m 3 and 1731 kg/m 3 . The saturated hydraulic conductivity of bare soil and vegetated soil was determined to be 4.9 ± 0.23 × 10 −4 m/s and 3.9 ± 0.4 × 10 −5 m/s from the falling head method [65] . 
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Experimental Setup and Instrumentation
Four groups of soil moisture sensors (EC5 [66] ) and soil EC sensors (5TE [67] ) were installed at the depths of 0.1 m at selected locations. Soil temperature was also monitored using 5TE. The distance between different sensors were set as 0.3 m so as to avoid any interference between sensors. Corresponding to the bare ground, the same sensors in the tree-covered ground were set. The distance between EC5s/5TEs and the tree trunk were 0.5 m, 1 m, 1.5 m and 2 m successively. The EC5 sensor interprets the volumetric water content from the dielectric permittivity of the soil medium [66] . Dielectric permittivity is measured using the electromagnetic field. An oscillating wave is supplied to the sensor tines after installation. The sensor quantifies the dielectric constant from the charge stored in the tines. An alternating current is applied to two tines of 5TE to measure the electrical resistance. Electric conductivity is derived from the measured electrical resistance [67] . The temperature is measured by the thermistor in 5TE [67] . The operational range of the selected sensors was −40-50 • C. Furthermore, the ground temperature distribution map was protracted by a thermal imager. The relative humidity and rainfall intensity were monitored using a commercially available weather monitoring unit (Vantage Pro2). The automatic weather station was placed at 2 m above the ground.
Development of Model
ANN is widely used as a modeling tool due to its potential to learn proficiently from the provided data. ANN comprises of three different kinds of layers, i.e., (i) input layer, (ii) output layer and (iii) hidden layer. Generally, the first layer takes variables while the second layer has a single neuron which is similar to the number of output variables. Second and third layers consist of few neurons that utilizes a nonlinear function. Neurons of one layer are connected to those of the pre or after layer using weighted links. Each neuron of the second layer and third layer is offset by a value [25, 68] . In this study, models were developed using ANN to estimate soil water content from soil temperature, soil EC and RH. The parameters were normalized with respect to the highest values of those. In addition, the collected data were split into three intervals. This helps to evaluate the effect of changes in atmospheric parameters on the monitored parameters. The ANN model was formulated using 69 mix compositions to improve accuracy and robustness.
A software JMP was used to implement the three-layer feed forward neural network. Table 1 presents parameter settings used in the present study. The data of training, testing and validation were set at 70%, 15% and 15% to search for a suitable model. Efficiency of the selected models is discussed in following paragraph. 
Results and Discussion
Changes in Soil Moisture Content, Electrical Conductivity and Temperature in bare soil and soils vegetated with Trees are discussed in the following sections. Figure 2 shows the changes in soil moisture content at a depth of 0.1 m for bare soil and soil with trees. Soil water content increases with a rise in rainfall intensity in both bare and vegetated soils. Peak water content near the saturation state between the two grounds are fairly close. A decrease in water Sustainability 2019, 11, 5609 5 of 17 content can be attributed to evaporation and evapotranspiration. The rate of decrease in moisture content in bare soil is found to be higher than that in soil vegetated with trees. Moisture content in soil vegetated with trees is observed to be higher (up to 155%) than that in the bare ground on 15 August. Unlike data in [69] [70] [71] , which consistently shows that due to evapotranspiration, moisture content is higher when vegetation is absent.
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Temperature of the Soil
Changes in the soil temperature during the monitoring period at a depth of 0.1 m is shown in Figure 3 . Changes in soil temperature can be seen corresponding to variation in air temperature. The temperature of bare soil is observed to be greater than that of air when soil moisture content is relatively low (Figures 1 and 2) . This can be attributed to relatively less specific heat of the dry soil as compared to that of wet soil. Relatively less specific heat implies rapid exchange of heat between air and soil. Therefore, soil temperature increases rapidly in the dry soil [75] . Temperature of air and bare soil is found to be up to 30% greater than that in soil vegetated with trees during the monitoring period. Fluctuation was found to be more significant in the temperature of bare soil (27.1-38.2 • C) as compared to that of the treed soil (26-31.9 • C). As heat exchange between the soil surface and atmosphere was mainly driven by radiation [76] , the tree canopy intercepted radiation and hence strongly dampened soil temperature variations in the soil [77] .
Mean Soil EC
Changes in EC at 0.1 m depth in soil with and without vegetation are shown in Figure 4 . Maximum EC (147.5 microS/cm) of soil vegetated with trees was found to occur right after a heavy precipitation on 4 September. The EC of the vegetated soil was found to be greater than that in bare soil. The magnitude of change in EC of bare soil (6.6-80.9 microS/cm) was observed to be 24% smaller that of the treed soil (47.83-146.8 microS/cm). Trend of variation of EC was observed to be dissimilar from the moisture and temperature of soil. Changes in the magnitude of moisture content and temperature of soil was observed to be lower in vegetated soil as compared to that in bare soil. However, any difference between saturated water contents of bare and vegetated soil was not found due to heavy rainfall, while soil EC in the tree ground was about 88% and 100% higher than that in the bare ground. It can be seen from Figures 2-4 that EC increases with a rise in moisture content and a decrease in temperature of the soil. Comparing Figures 2-4 , soil EC is observed to increase with an increase in moisture content and a decrease in temperature, irrespective of soil cover. It must be noted that soil composition affects the association between EC and moisture content [78] . It is evident that the LL and plasticity index (PI) varies with change in composition [79] . Previous researchers [79] found the threshold values of LL, PI and clay content beyond which the trend of variation of EC may not be consistent. Those threshold values of LL, PI and clay content were 49%, 34% and 41%, respectively. LL, PI and clay content in the selected site are less than these threshold values. Therefore, the measurements of EC in the site could be adopted to interpret the water content. 
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Mean Soil EC
Changes in EC at 0.1 m depth in soil with and without vegetation are shown in Figure 4 . Maximum EC (147.5 microS/cm) of soil vegetated with trees was found to occur right after a heavy precipitation on 4 September. The EC of the vegetated soil was found to be greater than that in bare soil. The magnitude of change in EC of bare soil (6.6-80.9 microS/cm) was observed to be 24% smaller that of the treed soil (47.83-146.8 microS/cm). Trend of variation of EC was observed to be dissimilar from the moisture and temperature of soil. Changes in the magnitude of moisture content and temperature of soil was observed to be lower in vegetated soil as compared to that in bare soil. However, any difference between saturated water contents of bare and vegetated soil was not found due to heavy rainfall, while soil EC in the tree ground was about 88% and 100% higher than that in the bare ground. It can be seen from Figures 2, 3 and 4 that EC increases with a rise in moisture content and a decrease in temperature of the soil. Comparing Figures 2, 3 and 4 , soil EC is observed to increase with an increase in moisture content and a decrease in temperature, irrespective of soil cover. It must be noted that soil composition affects the association between EC and moisture content [78] . It is evident that the LL and plasticity index (PI) varies with change in composition [79] . Previous researchers [79] found the threshold values of LL, PI and clay content beyond which the trend of variation of EC may not be consistent. Those threshold values of LL, PI and clay content were 49%, 34% and 41%, respectively. LL, PI and clay content in the selected site are less than these threshold values. Therefore, the measurements of EC in the site could be adopted to interpret the water content. 
Development of Model to Compute Soil EC
ANN is applied using an in-house established program for developing models to compute moisture as a function of other parameters. The following sections discuss the efficiency and insights of the developed models.
Performance of the Developed Models for Various Soil Covers
Measured and computed data from the developed models to predict soil moisture from EC, RH and temperature is shown in Figure 5 . Reasonably good agreement between measured and computed moisture content of moisture content can be observed from Figure 5 . In all the cases, R 2 varies generally between 0.85 and 0.97. This indicates that the newly developed ANN-based models are accurate. 
Development of Model to Compute Soil EC
ANN is applied using an in-house established program (see Appendix) for developing models to compute moisture as a function of other parameters. The following sections discuss the efficiency and insights of the developed models.
Performance of the Developed Models for Various Soil Covers
Measured and computed data from the developed models to predict soil moisture from EC, RH and temperature is shown in Figure 5 . Reasonably good agreement between measured and computed moisture content of moisture content can be observed from Figure 5 . In all the cases, R 2 varies generally between 0.85 and 0.97. This indicates that the newly developed ANN-based models are accurate. Figure 6 shows the three-dimensional plots demonstrating the reliance of moisture content on other parameters (data measured at 2:00 PM). The non-linear relationship is observed using these plots. The biomass of tree roots is usually larger than grass roots as was also observed in [39] . This might have caused higher root water uptake and also influence on soil electrical conductivity. It can be observed that normalized water content is directly proportional to both soil EC and RH. The correlations observed in three-dimensional plots are dissimilar to that found by previous researchers [36, 80] . However, for a large range of soil moisture, in [6] [7] [8] 81, 82] the experimental nonlinear dependence of osmotic pressure and EC from the water content with a single-vertex extremum was obtained, and a theoretical explanation with a three-parameter statistical model of this phenomenon based on the lognormal distribution was given.
The non-linear relation was found to be more significant when temperature was one of the dependent parameters. This can be attributed to variation in soil temperature, which is affected by (i) heat flow due to a temperature gradient and (ii) water flow. The effect of heat flow is dominant during drying, whereas the effect of water flow is dominant during wetting. In addition, there is a difference in specific heat capacities of moisture and soil. Hence, heat absorption/dissipation (variation in temperature) of pore water is not proportional to each other. Figure 7 presents the results of the sensitive analysis of the newly developed models to estimate normalized moisture content of soil from the other parameters. Results from the bare soil, grassed soil and treed soil (for Tree 1 and Tree 2) are shown at three different points of time. Tables 2 and 3 summarize the sensitive analysis results. Figure 7 presents the results of the sensitive analysis of the newly developed models to estimate normalized moisture content of soil from the other parameters. Results from the bare soil, grassed soil and treed soil (for Tree 1 and Tree 2) are shown at three different points of time. Tables 2 and 3 summarize the sensitive analysis results. EC is found to be the most influential parameter governing moisture in all types of soils at different points of time. Contribution of EC towards variation in moisture content is found to be highest for treed soil (Tree 2). Whereas, such contribution is observed to be lowest when vegetation cover is absent. It can be observed that soil properties of the selected sites are similar. Therefore, the variations in EC may be due to the presence of vegetation. EC of roots rise with an increase in their area and length [83] . It was demonstrated in Garg et al. [24] that root area or biomass of trees are generally relatively high as compared to that of grass. It is evident that the EC of the roots rises exponentially with an increase in the area of the individual root [84] . In agricultural science, soil EC readings and yield of the crop have been positively correlated [85] . This means at a particular moisture content, the difference between the Sustainability 2019, 11, 5609 12 of 17 EC of bare soil and vegetated soil can be attributed to the presence of roots. It must be noted that the root parameters can be obtained indirectly from the EC-moisture correlation.
Sensitive Analysis to Explore the Relative Importance of Various Parameters on Water Content
RH is found to be the second most influential parameter. Considerable contribution of RH is observed during morning and evening. This is because, during these times soil temperature is generally lower and, hence, the effects of RH become more dominating. Sensitivity analysis shows that EC and RH are the significant predictors of moisture content.
Optimization Analysis of the Novel Model: Role of Various Parameters in Increasing and Decreasing Water Content
Optimization analyses were performed to find the combination of properties that corresponds to highest and lowest variation in moisture content. Normalized EC, RH and temperature corresponding to the highest (i.e., 1) and lowest (i.e., 0.2) normalized water contents are found. Tables 4 and 5 summarize various combinations of parameters for different types of soil covers corresponding to the maximum and minimum normalized soil moisture, respectively. It can be observed from Table 1 that the highest values of normalized water content, EC, RH and temperature would be up to 1. It is interesting to notice that moisture should decrease with an increment in the temperature of the soil. However, in optimization analysis, despite a higher soil temperature range (0.74-1.13), the soil moisture still is maximum at 1. This is consistent with the sensitivity analysis, where we found that temperature has the least influence on soil moisture. It is also possible that the low sensitivity of soil moisture to temperature is the result of combining samples with a contrasting temperature regime (all types of soil covers), and in future studies it is necessary to analyze each place separately [9, 81, 82, 86] . The minimum value for EC is 0.27, when RH is equivalent to 1. This is possible just at the beginning of rainfall, when a change in EC is low. Conversely, RH is observed to be minimum (0.4) at high a EC value (0.89). This is possible after the rain was stopped. Table 3 can be lowest (i.e., 0.01 and 0.34) when water content is minimum. This implies that the effect of EC on water content is more significant than that of RH. This agrees with observations of sensitivity analysis. Interestingly, compared to Table 2 , the values of the temperature of soil are generally higher. This implies that an increase in temperature has contributed in minimizing the water content. Table 3 shows that RH or EC or both are generally significantly smaller than that in Table 2 for the corresponding lowest moisture content (0.2). For minimum soil moisture, EC is generally minimum in bare soil at the considered time as compared to vegetated soils. In summary, EC and RH was found to be most influential in increasing and decreasing water content as compared to soil temperature. This implies that changes in moisture content could be estimated from EC and RH using the newly established ANN models. It must be noted that the objective of the current study is to improve the understanding on temperature as a moisture content predictor. Therefore, the two different samples were mixed where the temperature regime is completely different. However, the significance of temperature may vary when the two samples are analyzed separately. This will be considered in future studies. 
Conclusions
The present study investigates the relationship between the water content of soil and other parameters, namely EC, temperature and RH. Water content and these other parameters were monitored for a short duration of 60 days (field monitoring). ANN was adopted as a preliminary methodology to establish models for estimating moisture content as function of the other parameters.
Based on the study, it is found that soil EC is generally higher in vegetated soils than bare soil. Among vegetated soils, treed soils are found to exhibit highest EC followed by grassed soils. The EC of the soil was found to be relatively low when the size of the canopy is large. Models developed based on ANN show that EC and RH are proportional to moisture content. However, the relationship between soil moisture and EC/RH becomes non-linear and inconclusive when soil temperature is one of the dependent parameters. EC and RH can be reasonable parameters for inferring soil moisture when monitored data is absent in GI and during malfunctioning of instrumentation in the long term. The uncertainty in the considered properties follow a normal distribution. This uncertainty plays a vital role in evaluating the reliability of urban green infrastructure (i.e., the soil water characteristic curve).
The comprehensive data generated in the current study helps to develop and calibrate theoretical models in the context of urban green space. It should be noticed that root biomass decreases due to the age effect. In addition, soil aggregation occurs due to root exudates. This change in root biomass and soil aggregation may alter the EC. Further studies need to be done to analyze biological processes in the soil-root zone (rhizosphere) for the interpretation of variation in EC. Long term (2−3 years) field monitoring can help to yield seasonal and diurnal variations in functional relationships.
